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Circulating tumor cells (CTCs) are cells that have shed into the vasculature from a 
primary tumor and circulate in the blood stream. Circulating tumor cells play an important role in 
metastasis. The long term goal of this project is to capture and remocve CTC’s from the blood 
stream.  
Numerous studies on glutamine metabolism in cancer indicate that many tumors are avid 
glutamine consumers in vivo and in vitro.  Prolamins are a group of plant seed proteins having 
high glutamine content. A main example is corn zein. Zein has been reported to support cell 
attachment. The main hypothesis in this work was that zein is able to support attachment of 
cancer (HeLa) cells.  
 In this work, HeLa cells were grown on glass slides coated with zein films. It was 
reported that the hydrophobicity and topography of substrates are important for cell attachment. 
Therefore, a secondary hypothesis was that the hydrophobicity and topography of zein substrates 
could be optimized for cancer cell attachment. The hydrophobicity of zein films had been 
observed to reflect the hydrophobicity of its underlying substrate. Thus, glass slides were treated 
with oxygen plasma to modulate their hydrophobicity. The surface hydrophobicity of substrates 
intended for cell attachment was measured with a CAM 200 Goniometer. Topographic features 
were examined by MFP-3D AFM.  
Results showed that HeLa cells were observed to adhere and grow on zein substrates cast 
on oxygen treated plasma glass slides. The glutamine effect of zein on HeLa cells was evidenced 
by the cells unfavorable response when zein was deamidated by surface treatment with 
hydrochloric acid. HeLa cells on zein films developed elongated cells at 24h and 48 h of 
incubation. Zein was believed to support HeLa cells attachment. Results of this work are 
expected to be useful in designing bio surfaces for isolation of cancer cells. 
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CHAPTER I 
 
Introduction 
 
Circulating tumor cells (CTCs) are cells that have shed into the vasculature from a 
primary tumor and circulate in the blood stream. Circulating tumor cells play a critical role in 
metastasis. Therefore, spotting circulating turomor cells become an important goal in treatment 
of cancer. CTCs may be isolated from the peripheral blood of patients with metastatic disease. 
However, their counts are only 1-10 CTC per mL of whole blood. Current CTC isolation 
methods may be biological or physical. Biological methods are based on antigen-antibody 
binding. Antibodies against tumor specific biomarker including EpCAM, Her2, and PSA are 
used. Techniques include magnetic nanoparticle-based separation (immunomagnetic assay), 
microfluidic separation, and combination of immunomagnetic assay and microfluidic separation. 
Physical methods are filtration based. Because CTCs are much larger than red blood cells, and 
generally larger than white blood cells, a size-based filter can separate CTCs by size. Both types 
of methods have drawbacks. Antibodies can only bond to cells if they can get close enough. And 
although circulating tumor cells are larger than red blood cells, they are about the same size as 
white blood cells so filters have limited success. 
Numerous studies on cancer metabolism indicate that many tumors are avid glutamine 
consumers in vivo and in vitro.  Glutamine contributes to essentially every core metabolic task of 
developing cancer cells; being metabolized for fuel, providing nitrogen for protein and 
nucleotide synthesis, and having specific cancer promoting functions. Some cancer cells cannot 
survive when there is not enough extra glutamine and are therefore considered to be "addicted" 
to glutamine. Prolamins are a group of plant seed proteins having high glutamine content. A 
main example is corn zein, which has been reported to support cell attachment. The long term 
goal is to design an implantable device for the capture of circulating tumor cells. The main 
hypothesis in this work was that zein is able to support attachment of cancer (HeLa) cells.  
Films made of zein are reported to support cell attachment (Wang et al 2008; Dong et al 
2010). In Wang and coworkers work (2008), hydrophilic and hydrophobic zein surfaces were 
prepared to investigate the effect of zein character on biocompatibility. NIH 3T3 fibroblasts 
attached preferentially to hydrophilic zein surfaces. It was suggested that cell attachment was not 
only due to hydrophilicity but also to the presence of glutamine residues present on zein 
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hydrophilic surfaces. In this study, cell adhesion to nanostructured zein surfaces was cont inued 
using human cervical cancer (HeLa) cells. The short-term goal was to investigate zein ability to 
form a nanostructured zein surface where HeLa cells may adhere and attach. The long-term goal 
is to design a device for the capture of circulating tumor cells (CTCs). 
HeLa Cells are human cervical cancer cells. It is the oldest most widely distributed 
permanent human cell line (Rahbari et al., 2009).  It was found that HeLa cells grow better on 
hydrophilic surfaces (Gallagher et al., 2002). Moreover, Huang and coworkers (2013) found a 
strong correlation between cell growth and the presence of glutamine in the medium. HeLa cells 
were cultured with varying glutamine content and it was reported that cell density was lowest in 
the absence of glutamine. The present hypothesis is that a hydrophilic, glutamine-rich zein 
substrate may support attachment of HeLa cells. 
The overall object of this study is to develop a nanostructured zein surface for HeLa cells 
attachment. The specific objectives are to investigate: The effect of substrate treatment to 
modulate the hydrophobicity and topography of zein films. The effect of surface glutamine on 
the attachment of HeLa cells.  
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CHAPTER II 
Literature Review 
 
2.1 Zein  
Corn kernels, containing 75% starch, 9% protein, 4% oil, 1.5% ash, 1.5% sugars, 9% 
fiber (Henry, 2015), are manufactured into a broad range of foods and industrial products, 
including starch, sweeteners, corn oil, beverage and industrial alcohol, and fuel ethanol. High 
production of fuel ethanol production leads to an excess of protein and fiber by-products, which 
need to be developed into value-added products. 
Zein is the prolamine of corn. It amounts to 60% of total protein in endosperm which 
constitutes 82% of total mass in corn kernel (Wilson, 1987; Earle et al 1946). It is classified, in 
terms of biological functionality, as a storage protein. Zein is commercially extracted during corn 
wet-milling and more recently from dry-grind processing. Zein has found application in diverse 
products including entero-coatings for pharmaceutical tablets, paper coating, and adhesives. New 
applications are in drug delivering, degradable sutures, chewing gum, and biodegradable plastics. 
Zein is considered GRAS (Generally Recognized as Safe) by the FDA. Zein is being considered 
as a biomaterial coating to improve cell adhesion onto inorganic implants.  
Zein consists of several fractions that can be separated into size classes (-, -, γ-) by 
sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) (Esen, 1987; Wilson et 
al., 1981; Thompson and Larkin, 1989). -zein at 19 and 22 kDa,  - zein at 14 kDa, γ- zein at 
27 and 16 kDa, and -zein at 10 kDa. -zein is the most abundant fraction at 70-80% of total 
zein, γ-zein amounts to 10-20%, - zein to 1-5% and -zein 1-5%. -Zein can be classified into 
two groups based on molecular weight, 19kDa and 22kDa (Larkins and Vasil, 1997). -Zein is 
rich in glutamine, proline, and the hydrophobic residues alanine and leucine, but it lacks lysine 
and tryptophan. Pomes (1971) reported the amino acid composition of zein as 21.4% glutamine, 
19.3% leucine, 9.0% proline, 8.3% alanine, 6.8% phenylalanine, 6.2% isoleucine, 5.7% serine 
and 5.1% tyrosine. Zein contains approximately one-third hydrophilic glutamine and two-thirds 
hydrophobic amino acid residues (Argos et al 1982). 
Zein is insoluble in water but soluble in binary solvents containing alcohol and water, 
such as aqueous ethanol and aqueous isopropanol (Wilson, 1987).  Esen (1987) reported that zein 
comprised several fractions α, β, and γ-zein, which have different solubility in alcohol-water 
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mixtures. α-Zein is soluble in 50-95% (v/v) isopropanol. β-Zein is soluble in 30-85% (v/v) 
isopropanol containing a reducing agent. γ-Zein is soluble in 80% isopropanol containing a 
reducing agent. The most common solvent for zein is ethanol-water. The highest solubility is at 
70% v/v (12M) (Augustine and Baianu, 1989). However, the solubility of zein is limited to 15mg 
protein/ml. For isopropanol-water mixtures, the highest zein solubility is at 60% v/v. According 
to Manley and Evan (1943), secondary solvents (in combination with water) for zein include 
acetone, butanol, dioxalane, dioxane, ethanol, isobutanol, isopropanol, methanol, and n-propanol. 
Zein solubility can be improved by acid or alkaline deamidation or enzymatic modification 
(Reiners et al 1973). 
2.2 Glutamine deamidation 
Glutamine (Gln) is a nonessential amino acid present in most dietary proteins. It role is to 
transport ammonia. It is readily hydrolyzed to glutamic acid and free ammonia, the latter 
excreted in urine (Mosby’s Medical Dictionary, 2009).  
 
 Fig 2.1 Chemical structure of glutamine (Mosby’s Medical Dictionary, 2009) 
 
 
Deamidation is a protein post-translational modification which contributes to aging and 
disease including celiac disease, urinary tract infection, cancer and neurodegenerative diseases 
such as Parkinson’s disease) (Robinson et al, 2004; Li et al 2010).  Glutamine deamidates by 
direct hydrolysis under acidic conditions. It forms a glutarimide intermediate at neutral or 
alkaline conditions (Wright, 1991). Cappaso (1991) reported the formation of a glutarimide 
intermediate and two deamidation products, α- and γ-glutamate. See Figure 2.2 
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Fig 2.2 General mechanism for glutamine deamidation to form glutamic acid and 
isoglutamic acid via a glutarimide intermediate (Li, 2010). 
 
 
 
Glutamine deamidation of zein is usually achieved by acid or alkali treatment with HCl 
(pH <1) or NaOH (pH >12) (Shukla and Cheryan 2000). Glutamine deamidation is believed to 
affect zein structural, rheological and antioxidant properties (Zhang et al., 2011). In Zhang 
coworkers study (2011), five different pH levels, from 2.7 to 12.5, were used to study zein 
structural properties due to glutamine deamidation. It was found that at extreme pH value (2.7 
and 12.5), the FTIR absorbance of α-helix showed a significant decrease. The α-helix content 
was considered to play an important role in the formation of antiparallel helices of the zein 
molecule (Matsushima et al 1997). The decrease in α-helix at pH 2.7 and 12.5 was attributed to 
glutamine deamidation. 
2.3 Zein films 
Zein has long been recognized as its ability to form films (Reiners et al 1974). Zein films 
are generally prepared by casting alcohol solutions on hard surfaces and peeling them off face 
after the solvent is evaporated (Gennadios and Curtis 1990). However, zein films without 
plasticizers are hard and brittle. Lai and Padua (1997) reported the use of oleic acid as a 
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plasticizer to form a moldable resin which can be extruded into films. In other studies, Wang and 
coworkers (2003) investigated the adsorption of zein from aqueous ethanol and isopropanol 
solutions onto hydrophilic and hydrophobic surfaces. Zein adsorption to self-assembled 
hydrophilic or hydrophobic monolayers (SAMs) was measured by surface plasmon resonance 
(SPR). The hydrophobic surface was prepared by the deposition of a methyl-terminated 
alkanethiol [CH3 (CH2)7SH] on a gold coated glass slide. The hydrophilic surface was prepared 
by the deposition of a long–chain carboxylic acid terminated thiol [COOH(CH2)10SH] on gold 
coated glass slides. Atomic force microscopy (AFM) was used to investigate the topography of 
zein films deposited on hydrophobic and hydrophilic SAMs. Zein deposited on hydrophilic 
surfaces showed roughness, while films on hydrophobic surfaces were uniform and featureless.   
Surface plasmon resonance (SPR) was used to investigate the adsorption rate of zein on 
hydrophobic and hydrophilic surfaces (Wang et al 2004). It was found that zein had a higher 
adsorption rate and affinity for hydrophilic than for hydrophobic surfaces. The mass of zein 
deposited (ɼ mg/m2) was higher on hydrophilic surfaces (0.5mg m-2) than on hydrophobic ones 
(0.1mg m
-2
). This was attributed to the larger footprint of zein binding to hydrophobic surfaces 
than on hydrophilic ones. Zein was believed to utilize different surfaces of its molecule when 
adsorbing to either hydrophobic or hydrophilic SAMs. 
Glacial acetic acid is considered a primary solvent for zein (Manley and Evan 1943). Acetic acid 
in water was found a better solvent for zein than ethanol-water (Li et al 2012). Park and 
coworkers (2001) investigated the effect of acetic acid on physical properties of k-carrageenan 
and chitosan films. They found that films formed from acetic acid solutions had tighter structures 
than those formed from lactic or citric acid ones. Torres-Giner and coworkers (2008) used acetic 
acid and sodium hydroxide to investigate the effect of pH on viscosity of zein solutions (33% 
w/w zein in 80% ethanol) and resulting fiber microstructure. Acetic acid resulted in a higher 
viscosity and a distinctly flat fiber morphology (Table 2.2). In another work, Wang and 
coworkers (2008) used chloroacetic acid to adjust the pH of zein solutions. They reported that 
mouse fibroblasts were able to attach and proliferate on zein layers acidified (pH 3.7) with 
chloroacetic acid. 
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Table 2.1 Effect of pH on viscosity and morphology of zein solutions  
 
Zein solutions  pH Viscosity (cP) Structure 
With acetic acid 3.8 
 
242.8 Flat fiber 
No pH adjustment  5.9 
 
108.0 Tubular fiber 
With NaOH 11.3  36.2 Beads with 
nanocrystals 
 
2.4 Surface properties  
Water contact angle (WCA) is often used as an index of surface hydrophobicity (Pearoval et al., 
2002). The contact angle is the angle formed by the intersection of the liquid-solid interface and 
the liquid-vapor interface. A hydrophobic surface is when the water contact angle is larger than 
90°. Contrarily, for hydrophilic surfaces the water contact angle is smaller than 90°. WCA is 
measured with a goniometer, a camera-based device, which can capture dynamic images of a 
water droplet flattening on the surface. WCA can be evaluated by measuring the angle formed 
between the solid and the tangent to the drop surface (Fig 2.3).  
 
Fig 2.3 Illustration of contact angle formed by liquid drops on a smooth homogeneous solid 
surface (Yuan and Lee, 2013). 
 
 
Oxygen plasma treatment (OPT) has been widely used in research to increase the hydrophilic 
character of glass and polymer surfaces (Tan et al., 2010). Oxygen plasma treatment involves 
removal of contaminants from surface materials and surface activation by substituting atoms in 
the polymer molecules with chemical groups from plasma (Pizzi and Mittal, 2003). The surface 
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energy is increased by plasma-induced oxidation and also increases its wettability. OPT is used 
in numerous applications, including cleaning, activation, etching, and plasma polymerization.  
OPT has been utilized in the preparation of plastic and biopolymer multilayer films (Shin et al., 
2002). Shin and coworkers (2002) used an oxygen plasma technique to modify the low-density 
polyethylene (LLDPE) surface before chitosan and zein coating. Before oxygen plasma 
treatment, the water contact angle for LLDPE was 86° while after oxygen plasma it decreased to 
6°.  Bhattacharya and coworkers (2005), discussed that poly (dimethyl siloxane) (PDMS) 
contains repeating units of -O-Si (CH3)2- which when treated with oxygen plasma generate 
hydrophilic silanol groups (-OH) at the expense of methyl groups (-CH3). A similar effect was 
produced on glass where oxygen plasma treatment increased the concentration of hydroxyl 
groups.  
Atomic force microscopy (AFM) is routinely used to examine the topography and roughness of 
materials surfaces. Unlike traditional optical or electron microscopes, AFM does not rely on 
electromagnetic radiation, such as photons or electrons to generate an image. AFM uses a 
cantilever tip to probe the three dimensional topography by “tapping” the materials surface 
(West, 2007). AFM has been used to investigate zein nanostructure in different labs. Guo (2005) 
reported that zein forms small globules with diameters between 150nm to 550nm depending on 
the solvent and the preparation method . Ghanbarzadeh and coworkers (2007) utilized AFM to 
examine the surface morphology and evaluate the roughness of zein films. Yoshino et al (2000), 
using AFM, found that zein denatured when heated in solution (1g in 10mL ethanol with 20% 
water) to 167-172˚C. 
Fluorescence microscopy was used to investigate the coverage of zein surface coatings. Most 
proteins are colorless in the visible region of the spectrum but they exhibit absorption and 
emission in the ultraviolet (UV) region (Sauer et al 2010). Natural fluorophores include aromatic 
amino acids with a characteristic wavelength of excitation and associated characteristic emission. 
The aromatic amino acids, tryptophan, tyrosine and phenylalanine are responsible for the 
fluorescence signal of proteins (Sauer et al 2010). The structure of each can be seen in Figure 
2.1.  Zein has the property of autofluorescence. It has a high content of tyrosine (~8 kDa) and 
phenylalanine (~13 kDa), as seen in Table 2.2 (Nonthannum, 2014).  
 
 
9 
 
Figure 2.4 Molecular structure of aromatic amino acids (Sauer, 2010) 
 
 
 
2.5 Zein biocompatibility 
The biocompatibility of a material refers to its compatibility with living tissue by not 
being toxic or injurious. Biocompatibility plays an important role in cell attachment. Mammalian 
cells must be attached onto a solid substrate or scaffold in order to proliferate (Zhang et al 2013). 
In recent years, preliminary research indicated that zein is a promising biomaterial for 
mammalian cells to attach and proliferate. 
Wang and coworkers (2008) studied the biocompatibility of zein by seeding mouse 
fibroblast cells on hydrophilic and hydrophobic zein layers. They found that fibroblast 3t3 cells 
were able to grow and proliferate on hydrophilic surfaces rather than on hydrophobic ones. 
Dong and coworker (2004) studied the effect of zein films on human liver cells (HL-7702) and 
mice fibroblast cells (NIH3T3). Zein films were generated by adding 200 μl zein solution (0.3% 
w/v or 0.9% w/v in 70% ethanol) on glass microplates. The adhesion of HL-7703 and NIH3T3 
was evaluated by scanning electronic microscope (SEM) and MTT assay methods. They reported 
no differences in cell adhesion for either HL-7702 or NIH3T3 cells between glass microplates 
and zein films.  
Zein biocompatibility was also be investigated in zein porous scaffolds prepared by salt-
leaching (Gong, 2006). Rat mesenchyme stem cells (MSCs) were used to evaluate the 
biocompatibility of zein scaffolds. MSCs were seeded on zein porous scaffolds with 75% 
porosity and the morphology, proliferation and differentiation of MSCs were measured by SEM, 
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MTT and ALP assays. The study showed that MSCs could adhere, grow, and proliferate on zein 
porous scaffolds.  
2.6 Cell attachment surfaces 
Research has found that the hydrophobicity of a surface is crucial for cell attachment and 
proliferation. In Lee et al (2004), varying composition of poly(dimethylsiloxane) (PDMS) with 
different hydrophobicity were used to culture several types of mammalian cells, human umbilical 
artery endothelial cells (HUAECs), 3T3 fibroblast (3T3s), MC353-E1 cells and HeLa cells 
(human cervical cancer cells). However, there is no consensus on optimal hydrophobicity for cell 
attachment and growth. PDMS caused variability in cell growth for HUAEC and HeLa cells, but 
did not affect the growth of 3T3 fibroblasts and MC3T3-E1 cells. 
In Allen and coworkers (2002), HeLa and MRC-5 (Human fetal lung SV-40 transformed 
fibroblast cell lines) as well as 1BR3 (primary human adult skin fibroblasts cell) were cultured 
on TCP (tissue culture polystyrene) with different copolymer films coated generated different 
hydrophobicity of surfaces for cells to attach. The results showed that all cells grew best on TCP 
surfaces, which had a water contact angle of 66.4° compared to 56.5° and 52.9° for copolymers 
coatings. In Wang and coworkers (2008), zein layers were adsorbed on patterned templates 
containing hydrophilic and hydrophobic background. Fibroblast cells were able to respond to the 
hydrophobicity of the surface. Fibroblast cells attached better to hydrophilic (WCA of 71.7°) 
than to hydrophobic areas (WCA of 83.2 °). Cells respond better to relatively hydrophilic 
surfaces, the optimal WCA for HeLa cells is from 66.4-71.7° (Allen et al 2002, Wang et al 
2008).  
2.7 HeLa cells 
 According to ATCC
®
, HeLa cells are human cervical cancer cells. They are epithelial 
cells with epithelial morphology. They are an adenocarcinoma type of cancer cell which means 
they form in mucus-secreting glands in tissues of internal organs. HeLa cells used in research are 
stored in liquid nitrogen and categorized as biosafety level 2. The HeLa cell line is the oldest, 
most widely distributed, permanent human cell line (Rahbari et al., 2009).  
In Gallagher and coworkers (2002), HeLa was cultured on TCP (tissue culture 
polystryrene) with different copolymer films coated generated different hydrophobicity of 
surfaces for cells to attach. The results showed that all cells grew best on TCP surfaces, which 
had a water contact angle of 66.41°compared to 56.53° and 52.98° for copolymers coatings. 
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Chapter III 
 
Hydrophobicity and Topography of Zein Nanostructured Films 
3.1 Introduction 
Zein has been recognized by its ability to form films on hard surfaces (Lai and Padua, 
1997). In recent years, researchers across the world have tried to develop promising 
nanostructured zein surfaces for cell attachment (Gong, 2006, Wang, 2008). Research has found 
that the hydrophobicity of the substrate material for cells attachment affects on cell attachment 
and growth.  
Water contact angle (WCA°) is used as an index of surface hydrophobicity (Pearoval et 
al., 2002). The contact angle is the angle formed by the intersection of the liquid-solid interface 
and the liquid-vapor interface. A hydrophobic surface is when the water contact angle is larger 
than 90°. Contrarily, a hydrophilic surface is when the water contact angle is smaller than 90°. 
WCA is measured with a goniometer, a camera-based device, which can capture dynamic images 
of a water droplet flattening on the surface. WCA can be evaluated by the measuring the angle 
formed by the tangent to the water droplet and the wetted surface. 
HeLa (human epithelial adenocarcinoma cells) and MRC-5 (Human fetal lung SV-40 
transformed fibroblast cell lines) as well as 1BR3 (primary human adult skin fibroblasts cell) 
were cultured on TCP (tissue culture polystryrene) coated with different copolymer films 
generated a series of varying surface hydrophobicity for cells to attach (Gallagher et al., 2002). 
Results showed cells grew best on TCP which had a water contact angle of 66.4°compared to 
copolymers coated substrates with WCA of 56.5° and 52.9°. In Wang and coworkers study 
(Wang et al., 2008), fibroblast cells were seeded on zein substrates with either hydrophilic or 
hydrophobic surfaces. Results showed that fibroblasts attached to hydrophilic surfaces (WCA 
71.7°) better than to hydrophobic ones (WCA 83.2°).  
Oxygen plasma has been widely used in research to increase the hydrophilicity of glass 
surfaces (Tan et al., 2010). The oxygen plasma treatment first involves removal contaminants 
from the surface materials and then it will activate the surface by substituting atoms in the 
polymer molecules with chemical groups from plasma (Pizzi and Mittal, 2003). The surface 
energy then is increased by plasma-induced oxidation and also increases its wettability. OPT can 
be used in numerous other applications, cleaning surfaces, activation of surfaces, etching, and 
surface plasma polymerization.  
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Atomic force microscopy (AFM) was used to investigate the roughness and topography 
of zein surfaces. Unlike traditional optical or electron microscopes, AFM does not rely on 
electromagnetic radiation, such as photon or electron to generate an image. AFM uses a 
cantilever tip probe to measure the three dimensional topography and roughness properties by 
“tapping” the materials surface (West, 2006). The AFM technique is a significant tool to study 
surfaces and assemble both qualitative and quantitative data. In Ghanbarzadeh and his 
coworker’s study (Ghanbarzadeh, 2006), AFM images were used to evaluate the surface 
morphology (qualitative parameter) and the roughness of (quantitative) of zein films.  
In addition, a number of proteins show auto-fluorescence. That is proteins absorb light 
and re-emit it at a higher wavelength. The aromatic amino acids, tryptophan, tyrosine and 
phenylalanine are fluorescent molecules. (Monici, 2005) Zein, because of its high content 
tyrosine and phenylalanine and low content of tryptophan (Nonthanum, 2013) it has the auto-
fluorescence ability. In this work, coverage of zein coatings was investigated by fluorescence 
microscopy.  
The first objective of this study was to investigate the effect of coating treatment on water 
contact angle of zein coated surfaces. The second objective was to investigate the effect of zein 
coatings on the topography of coated surfaces. 
3.2 Materials and Methods 
3.2.1 Materials 
Zein (Showa Sanyo Co. Ltd., Tokyo, Japan). Isopropanol (VWR International, West 
Chester, PA). Acetic acid and HCL (Sigma-Aldrich, St. Louis, MO).  
3.2.2 Methods 
Glass cleaning treatment 
Plain beveled edge glass microscope slides (Fisherbrand, Thermo Fischer Scientific Inc., 
Waltham, MA) were rinsed with isopropanol. Each glass slide was air blown to dry and placed in 
a petri dish. 
Oxygen plasma treatment 
Three to four petri dishes were placed into the quartz chamber in the oxygen plasma 
system (Pico, Diener Electronic, Ebhausen, Germany). The chamber pressure was set at 0.8-1.0 
mbar and 50% power. Samples were kept in the chamber for 1 min.  
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Zein coating 
Zein coatings were prepared by immersing oxygen plasma treated glass slides in zein 
solutions prepared by dispersing zein (3mg/ml) in 75% isopropanol. The pH of zein solutions 
was adjusted to 3.7~4.3 by adding acetic acid while stirring on a stirring plate. The oxygen 
plasma treated glass slides were immersed in zein solution for 1 h and washed with DI water. 
Samples were air-dried for 15-20 min and blow-dried for 1 min until completely dry. 
Coating deamidation 
Zein coated glass slides were prepared as described above, except they were washed by 
immersion in HCl solution (pH 2-2.3) for 30 min before drying.  
Water contact angle measurement 
WCA of coated surfaces was measured with a CAM 200 Goniometer (KSV Instruments, 
Inc., Monroe, CT). The goniometer is controlled by KSV software, based on video capture of 
images and automatic images analysis for measuring dynamic contact angle. Contact angle 
measurements are possible between 5° to 180° (accuracy 0.1°). A distilled water drop of 5μl was 
placed on zein coated glass slides and imaged for 10s after dispensing. The best fit for the droplet 
curvature was analyzed by the associated KSV software. Three measurements per sample were 
taken. 
Atomic force microscopy (AFM) imaging 
AFM images of coated surfaces were taken with an MFP-3D AFM (Asylum Research, 
Santa Barbara, CA) using silicon AFM probes model Tap300AL-G (Budget Sensors, Sofia, 
Bulgaria). Data were processed into 2-D and 3-D images. 2-D images were generated with 
respect to height, amplitude and phase. 3-D images were generated with respect to height only.  
Fluorescence imaging 
Fluorescence images of zein coated surfaces were taken with an upright fluorescence 
microscope (BX51, Olympus, Melville, NY) using a 20X objective. Due to zein auto-
fluorescence, a FITC filter was used. The beam was focused at the edge of the coated glass slides 
to contrast the coating against the background. 
Confocal imaging 
Images of coated surfaces were taken with a confocal microscope (LSM 700, Zeiss 
Microscopy, Jena, Germany) using a 20X objective lens.  
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Statistical analysis  
One-way ANOVA and LSD tests (P<0.05) of WCA data were performed in Excel 
software.  The null hypothesis was that there were no differences in WCA due to surface 
treatment. 
3.3 Results and Discussion 
3.3.1 Effect of oxygen plasma treatment on WCA of zein surfaces 
Plain glass slides measured WCA of 31°, which is indicative of a hydrophilic surface. 
Oxygen plasma treatment decreased WCA to less than 5°, showing a significant effect of oxygen 
plasma treatment on WCA of glass slides. Correspondingly, zein coated glass slides measured 
WCA=76.12°, while zein coated oxygen plasma treated glass slides measured WCA° of 73.87°.  
According to the ANOVA table (Table 3.1), there was a significant difference between 
these two samples, indicating that WCA of zein coatings was sensitive to the hydrophobicity of 
the underlying glass substrate.  
3.3.2 Effect of acetic acid on WCA of zein surfaces 
In this experiment, acetic acid was used to adjust zein solution pH to 4. The hypothesis 
was that acetic acid would form zein coatings with a smooth surface. Table 3.1 shows that acetic 
acid has a significant effect on WCA. Zein coatings without acetic acid measured 73.87°, while 
zein with acetic acid measured 67.72°.  
3.3.3 Effect of deamidation on WCA of zein surfaces 
In this experiment HCl solution at pH 2.3 was used to wash zein coated surfaces. The 
hypothesis was that with HCl washing, there would be less glutamine at the zein surface. In 
terms of the effect of HCl wash on WCA, zein coatings on oxygen plasma treated slides gave a 
WCA of 74° while zein surfaces washed with HCl gave a WCA° of 71.92°. According to the 
statically analysis, there was not a significant difference between these two samples. Therefore, 
there was no effect of HCl washing on WCA. 
Allen and coworkers (2002) found that HeLa cells grew best on Thermal Conductive 
Plastics (TCP) surfaces, which had a water contact angle of 66.4° compared to 56.5° and 52.9° 
for copolymers coatings. Zein coatings with added acetic acid were selected for later studies on 
HeLa cells adhesion.   
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Table 3.1 WCA of zein surfaces 
 WCA (°) 
Samples Rep 1 Rep2  Rep 3 Average* 
Zein on glass  75.78 
 
76.60 75.97 76.12±0.43
c 
 
Zein on OPT glass  78.10 
 
77.03 66.48 73.87±6.42
b 
 
Zein with acetic acid on OPT 
glass  
71.44 66.16 65.57 67.72±3.23
a 
 
HCl wash zein on OPT glass 69.18 72.79 73.78 71.92±2.42
b 
 
*Values within columns followed by different letters are significantly different at the 95% confidence level. 
 
3.3.4 Zein coating coverage examined by fluorescence microscopy 
Due to its amino acid composition, zein has auto-fluorescence ability. A zein film (1mm 
thick) prepared by casting a zein solution (15% w/w in 94% ethanol) added with oleic acid (0.4 g 
of oleic acid/g of zein) on a petri dish and peeled off after drying, was observed under a 
fluorescence microscope.  As shown in Fig 3.1a, the background and the zein film can be easily 
distinguished with black in the background and the zein film in bright green color. Because there 
were other components in the zein casting solution, pure zein powder was imaged to confirm that 
the observed fluorescence was due to zein (Fig 3.1b). Zein powder had the identical ability as 
zein film, dark black color as the background and green particles as zein powder. However, when 
the zein coating prepared for cell attachment was observed by fluorescence microscopy, 
fluorescence was very faint.  There was no clear contrast between the background and zein 
coating (Fig 3.1c). Therefore, zein had the ability to auto-fluorescence but the intensity was 
limited to the amount of zein was presented. Thick films about 1 mm thick were able to 
fluorescence while thin coatings were not. Same result was found in confocal images (Fig 3.1d). 
Zein coatings were too thin for confocal microscope to detect the fluorescence. 
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Figure 3.1 Fluorescence microscopy images of: a) zein film, b) zein powder, c) zein coating, 
d) confocal image of zein coating. 
                                           
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Zein Powder 
Background 
Background 
Zein film 
Background 
Zein coating 
Background 
Zein coating 
a) b) 
c) d) 
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3.3.5 Topography of zein surfaces 
Effect of OPT 
The topography of untreated glass slides (Fig 3.2.1 a, b, c) was found similar to that of 
OPT slides (Fig 3.2.2 a, b, c). However, the untreated glass showed unexpected random patterns. 
The OPT treated glass showed a more uniform topography but had unexpected peaks in the 3-D 
images (Fig 3.2.2 c). This may be an effect of oxygen plasma, which increases the surface energy 
of glass slides allowing the adsorption of contaminants. Zein coatings on OPT treated glass 
(Figure 3.2.4) gave a more uniform coverage than on untreated glass (Figure 3.2.3), where a few 
large particles were observed. This supported the hypothesis that OPT could provide a cleaner 
and more hydrophilic substrate for zein coating. 
Effect of acetic acid in zein solution on topography of zein surfaces 
The acetic acid in zein solution was used to prepare a smoother zein surface. Zein 
coatings with acetic acid (Fig 3.6 a, b, c) showed differences in topography with respect to 
coatings without acetic acid (Fig 3.5 a, b, c). With acetic acid, zein formed smooth and even 
coatings. Smooth zein films were observed by Wang and coworkers (2008), when casting zein 
solutions containing chloroacetic aid. It was believed that the acid media promoted zein 
molecular orientation and resulted in films of highly organized structure. Without acetic acid,  
zein filmsshowed higher roughness believed due to the presence of zein aggregates.  This 
supported the hypothesis that acetic acid will give a smoother surface. 
Effect of HCl wash treatment on topography of zein surfaces 
The HCl washed treatment was used to deamidate glutamine to glutamatic acid on zein 
surfaces. Comparison of zein coatings on OPT glass (Fig 3.5 a, b, c) with HCl washed zein 
coatings on OPT glass (Fig 3.7 a, b, c) revealed no major differences in roughness between the 
two treatments. In both situations, coatings showed small zein aggregates. 
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Figure 3.2 AFM images of untreated glass. a) 2-D height retrace,  b) 2-D amplitude retrace, 
c) 3-D image. 
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Figure 3.3 AFM images of OPT glass. a) 2-D height retrace, b) 2-D amplitude retrace, c) 3-
D image. 
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Figure 3.4 AFM images of zein coatings on untreated glass. a) 2-D height retrace, b) 2-D 
amplitude retrace, c) 3-D image. 
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Figure 3.5 AFM images of zein coatings on OPT glass. a) 2-D height retrace, b) 2-D 
amplitude retrace, c) 3-D image. 
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Figure 3.6 AFM images of zein/acetic acid coatings on OPT glass. a) 2-D height retrace,  b) 
2-D amplitude retrace, c) 3-D image. 
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Figure 3.7 AFM images of HCl washed zein on OPT glass. a) 2-D height retrace,  b) 2-D 
amplitude retrace, c) 3-D image. 
 
 
 
=  
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3.4 Conclusions 
The hydrophobicity of zein coatings was affected by the water contact angle of their glass 
substrate. Zein coatings on OPT glass had a lower WCA, 73.87°, than zein on untreated glass, 
with WCA of 76.12°. This supported the self-orienting property of zein. Zein coatings on lower 
WCA surfaces will be more hydrophilic. Addition of acetic acid lowered WCA of zein coatings, 
67.72°, with respect to those prepared without acetic acid. AFM images showed that acetic acid 
also affected the topography of zein coatings, resulting in more uniform and smooth films.. 
According to reports in the literature, zein films formed at low pH were smoother than those 
formed at neutral pH. It is possible that acetic acid promoted zein molecular orientation and 
resulted in films of highly organized structure. HCl wash treatment did not affect the topography 
or WCA of zein films.  
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Chapter IV 
 
Effect of Zein Substrate Preparation on HeLa Cells Attachment 
 
4.1 Introduction 
In previous work, Wang and coworkers (2008) seeded fibroblast cells (NIH3T3) on zein 
surfaces prepared in such a way to form hydrophilic or hydrophobic surfaces. The study showed 
that fibroblast cells (NIH3T3) attached and proliferated on zein coatings. Moreover, fibroblasts 
attached better to zein hydrophilic surfaces. This last observation was consistent with the general 
belief that fibroblasts develop better on hydrophilic surfaces. But also, it was suggested that zein 
hydrophilic surfaces exposed a larger number of glutamine residues, which may be favorable to 
3T3 cells attachment. In this study, the effects of zein coating on HeLa cells attachment were 
studied using the same concept. 
HeLa cells are a permanent human cell line of cervical cancer cells (Rahbari et al., 2009).  
HeLa cells have glutamine as an essential amino acid (Eagle, et al., 1955). When HeLa cells 
were cultured in media containing glutamine at 0, 5, 10 and 25 mM (Huang et al 2013), a strong 
correlation between cell growth and the presence of glutamine was found.  
Zein contains approximately one-third hydrophilic glutamine and two-thirds hydrophobic 
amino acid residues (Argos et al., 1982). Wang and coworkers (2004) suggested that zein uses 
different surface domains of its molecule to adsorb to either hydrophobic or hydrophilic 
substrates. Moreover, zein adsorbed to a hydrophilic substrate will form a hydrophilic coating. 
Since zein hydrophilic side is rich in glutamine, zein coatings deposited on hydrophilic substrates 
will have a glutamine rich surface (Wang et al., 2004).  As reported I Chapter 3, oxygen plasma 
treatment was used to generate a hydrophilic surface on glass slides.  Therefore, zein deposited 
on OPT glass would have a glutamine rich surface, hypothesized to be amenable to cell 
attachment. 
The objectives of this study were to investigate the adhesion of HeLa cells to zein 
substrates and the effect of glutamine on HeLa cell adhesion. 
For that purpose, a glutamine-free medium was used. HeLa cells are usually grown in 
DMEM, 1X (Dulbecco’s Modification of Eagle’s Medium) with 4.5g/L glucose, glutamine and 
sodium pyruvate). However, glutamine-free DMEM, 1X (Dulbecco’s Modification of Eagle’s 
Medium) is available. 
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A second approach to test the effect of glutamine was to deamidate the glutamine 
residues at zein’s surface by acid treatment with HCL. Glutamine deamidation is a protein post-
translational modification (Robinson, 2004).  Under acidic or alkaline conditions, glutamine 
deamidates to form glutamic and isoglutamic acid. Zhang et al. (2010) measured the α-helix 
content of zein at pH 2.7 and 12.5 and reported a significant decrease with respect to normal pH. 
Results were attributed to glutamine deamidation. 
4.2 Materials and Methods 
4.2.1 Materials 
Zein was obtained from Showa Sanyo Co. Ltd (Tokyo, Japan). Isopropanol was obtained 
from VWR International (West Chester, PA). Both acetic acid and HCL were from Sigma-
Aldrich (St. Louis, MO). Full medium was DMEM, 1X (Dulbecco’s Modification of Eagle’s 
Medium) with 4.5g/L glucose, L-glutamine and sodium pyruvate). Glutamine-free medium was 
DMEM, 1X (Dulbecco’s Modification of Eagle’s Medium) with 4.5 g/L glucose and sodium 
pyruvate, without L-glutamine). Both media were obtained from Corning cellgro® (Manassas, 
VA). PBS, 1X (Phosphate-Buffered Saline) was also obtained from Corning cellgro® (Manassas, 
VA). Trypsin (1X) 0.25% was from Gibco® by Life Technologies (Canada). Trypan Blue Stain 
0.4% was obtained from Gibco Invitrogen™ (Grand Island, NY). HeLa cells were obtained from 
American Type Culture Collection (ATCC) (Manassas, VA). 
4.2.2 Surface treatment 
Oxygen plasma treatment 
Oxygen plasma is used in various applications, surface cleaning and activation, etching, 
and plasma polymerizaiton. In this study, oxygen plasma (Diener Electronic Pico Oxygen 
Plasma System (Ebhausen, Germany) was used to treat the surfaces of glass slides to increase 
their hydrophilicity. Glass slides were rinsed with isopropanol, air blown driedand placed in petri 
dishes inside the equipment chamber pressure. The chamber was operated at 0.8-1.0 mbar, for 1 
min at 50% of total power.  
Zein coating 
Zein coatings were prepared by immersing OPT glass slides in a zein solution (3mg/ml in 
75% isopropanol). The solution was adjusted with acetic acid to pH 3.7~4.3 and stirred on a 
stirring plate for 30 min. OPT slides were immersed in the zein solution for 1 h and washed with 
DI water. Samples were air-dried for 15-20 min and blow-dried for 1 min until completely dry. 
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Deamidation 
HCl wash treatment was done after zein coating. An HCl solution (pH-2.3) was prepared 
in DI water.  After OPT slides were immersed in the zein solution for 1 h, they were directly 
transferred to an HCl bath and immersed for 30 min. Samples were then air-dried for 15-20 min 
and blow-dried for another 1 min until completely dry. 
4.2.3 Cell seeding 
Glass ring attachment 
Zein coated glass slides were fitted with a glass ring to contain seeded cells. A high 
vacuum grease (Dow Corning®, Midland, MI) was used to affix glass rings at the center of the 
slides. 500 μm of PBS was pipetted into each ring to check for leaks. 
Medium preparation 
Two media were used in this study, full medium and glutamine-free medium. Both 
DMEM full and glutamine free media were supplemented with 10% FBS and 1% pen-strep 
serum.  
Initial cell seeding 
HeLa cells vials were brought out of storage in liquid nitrogen. Vials were warmed up in 
a 37°C water bath for 1-2 min until thawing. Defrosted vials were added with 15 ml of DMEM 
and transferred to Corning® T-75 flasks where they were incubated at 37°C, with 95% air and 
5% carbon dioxide (CO2), for 72 h. 
Sub-culturing 
The incubation medium was discarded and the flask rinsed with 3ml PBS solution. 
Trypsin 0.25%, 2-3 mL, were added to the flask to detach cells. The flask was placed in the 
incubator for 10 min to facilitate cell dispersion. The hemocytometer was used to count cells and 
cell concentration was calculated. Cell count was diluted to reach 1.7×10
5
 and seeded inside the 
glass rings of corresponding substrates according to the experimental design. Seeded substrates 
were then incubated.  Culture media in glass rings was changed after 24, 48 and 72 h of 
incubation. Media in glass rings was discarded and rings rinsed with PBS before adding fresh 
media.  
4.2.4 Cell imaging  
Cell images were taken in an inverted microscope (Olympus IX81, Tokyo, Japan) after 
24, 48 and 72 h of incubation. The inverted culture microscope allows imaging by fluorescence, 
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differential interference contrast, phase contrast, relief contrast, simple polarized light and bright-
field.  In this study, images were taken under phase contrast mode.  
Image processing 
The Image-Pro Premier 3.0 software (Media Cybernetics, Rockville, MD) is a state-of-
the-art tool for image analysis and image processing. The software can capture, process, 
measure, share, visualize and compare images. In this study, Image Pro Premier was used to 
acquire images, count, and measure and classify cells. The software can automatically selected 
cells and determine cell counts, growth area, and cell aspect ratio. For each sample, two 
replicates were analyzed. Since HeLa cells are epithelial cells, they become elongated when 
attaching to the substrate. Thus, an aspect ratio >1.3 was considered evidence of cell attachment.  
4.3 Results and Discussion 
Inverted light microscope images of cultured HeLa cells are shown in Fig 4.1. 
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Figure 4.1 Inverted-light microscopy images of HeLa cells at 24, 48, and 72 h of incubation. 
 
OPT glass (full medium) 
24 h 48h 72h 
  
 
 
OPT glass  (glutamine-free medium) 
24 h 48h 72h 
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Figure 4.1 Inverted-light microscopy images of HeLa cells at 24, 48, and 72 h of incubation (continued). 
 
Zein with acetic acid on OPT glass (full medium) 
24 h 48h 72h 
 
 
 
 
Zein with acetic acid on OPT glass (glutamine-free medium) 
24 h 48h 72h 
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Figure 4.1 Inverted-light microscopy images of HeLa cells at 24, 48, and 72 h of incubation (continued). 
 
Zein/HCl wash on OPT glass (full medium ) 
24 h 48h 72h 
 
 
 
 
Zein HCl wash on OPT glass (glutamine-free medium) 
24 h 48h 72h 
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4.3.1 Effect of zein coating on cell attachment at 24 h 
The Image Pro software was used to evaluate cell morphology and determine area of 
cell growth. Typical analysis of cell attachment by Image-Pro Premier 3.0 can be seen in Fig 
4.2 a, b, c and Table 4.4. One-Way ANOVA was done with respect to each column 
parameter. Superscripts indicate significant differences among groups (ANOVA, P<0.05). 
Two replicates of each sample were analyzed using Image-Pro Premier software. The 
software measures the area of elongated cells and area of circular cells. The fraction of 
elongated cells was calculated by: 
Fraction of elongated cells = 
𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑒𝑙𝑜𝑛𝑔𝑎𝑡𝑒𝑑 𝑐𝑒𝑙𝑙𝑠 (𝑎𝑠𝑝𝑒𝑐𝑡 𝑟𝑎𝑡𝑖𝑜 >1.3)
𝑇𝑜𝑡𝑎𝑙 𝑐𝑒𝑙𝑙𝑠 𝑐𝑜𝑢𝑛𝑡𝑒𝑑
 
 
Table 4.1 Analysis of Image Pro cell morphology data collected at 24 h of incubation. 
*One-Way ANOVA test was done with respect to each column parameters. Superscripts indicate significant 
differences among groups (ANOVA, P<0.05). 
 
Substrate Area of elongated 
cells (#cells) 
Area of circular 
cells (#cells) 
Fraction of 
elongated 
cells (%) 
OPT glass Full medium 222.5±41.1
a
 (10)
 
 
209.94±27.2
b
 (43)
 
18.8
a
 
No glutamine 174.0±24.1
a
   (7)
 
 
192.06±26.5
b
 (41)
 
14.6
a
 
Zein 
w/acetic acid 
Full medium 242.5±18.0
a
 (31) 
 
177.28±22.8
a
 (29)
 
 
52.7
b
 
No glutamine 235.8±10.5
a
 (12) 
 
136.00±27.8
a   
(33)
 
26.7
ab
 
Zein, HCl 
washed 
Full medium 178.8±35.7
a
   (5) 
 
193.41±4.5
b
    (33)
 
 
13.2
a
 
No glutamine 189.5±55.8
a
   (7) 
 
186.08±13.2
ab
 (37)
 
 
15.9
a
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At 24 h of incubation, most cells were still round in all experimental conditions (See 
Figure 4.1). Based on statistics analysis (Table 4.1), at 24 h of incubation, the fraction of 
elongated cells was significantly higher for zein with acetic acid substrates full medium and 
higher for zein with acetic acid substrates glutamine free medium, indicating that zein 
supports cell attachment better than OPT glass or acid (HCl) washed zein. This suggested that 
in the early stages of HeLa cells development, when there is plenty of space and nutrients, 
zein with acetic acid improved cell adhesion for HeLa cells. The lower count for zein no-
glutamine medium suggested a slower cell attachment when glutamine in the medium was 
limited. The fraction of elongated cells on zein HCl washed was at the same level as OPT 
glass indicating that the ability of zein to support attachment was reduced by HCl wash, 
which suggested that HCl wash may have delaminated glutamine residues reducing the ability 
of zein to support cell attachment. An alternative explanation is that HCl wash may have 
lowered the surface pH to levels that affected cell attachment.  
The area of elongated cells was not significantly different for any group suggesting 
that even though there was a higher fraction of attached cells on zein surfaces, those cells 
were in an early stage of development and could not be differentiated from other groups. The 
area of circular cells was significantly lower for zein, full and no-glutamine media, 
suggesting that a higher fraction of cells were becoming elongated at this point. For OPT 
glass and zein washed with HCl, higher area of circular cells may due to more cells are still 
circular, slower to attach and elongate.  
4.3.2 Effect of zein coating on cell attachment at 48 h 
At 48 h of incubation, more cells in all samples became elongated (see Fig 4.2). 
Triangular, polygonal and elongated morphologies were developed. Polygonal shapes were 
found only in OPT glass and zein with full medium. Triangular and elongated shapes were 
seen in all conditions. The total numbers of cells in zein were more than OPT glass for both 
full medium and no glutamine medium conditions.  
Based on statistics analysis (Table 4.2), at 48h of incubation, the fraction of elongated 
cells was significantly higher for zein surfaces than OPT glass and HCl washed zein, 
indicating that zein supports cell attachment better than glass or HCl washed zein. The 
increase in the number of cells grown on zein suggested zein affected HeLa cell adhesion. 
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The area of elongated cells was significantly larger for zein and HCl washed zein than 
for OPT glass, indicating a higher ability of zein surfaces to support cell attachment than 
glass. The area of elongated cells was smaller for glass no glutamine medium than for glass 
full medium, suggesting that at 48 h of incubation cells grew smaller under limited glutamine. 
On the other hand, the area of elongated cells was larger for zein HCl washed no-glutamine 
medium maybe due to experimental error either on culturing or software processing. The area 
of circular cells was not significantly different for any group. This observation may be due to 
most of the cells becoming elongated and the remaining circular cells were at the same 
developing stage towards elongation.  
 
Table 4.2 Analysis of Image Pro cell morphology data collected at 48 h of incubation. 
Substrate Area of elongated 
cells (# cells) 
Area of circular 
cells (# cells) 
Fraction of 
elongated 
cells (%) 
OPT glass  Full medium 370.78±27.4   (47)
ab 
316.30±10.4
a
 (30) 
 
61.0
ab 
No glutamine 337.28±9.8     (70)
a 
302.36±10.2
a
 (35) 
 
66.7
b 
Zein w/ 
acetic acid 
Full medium 395.54±30.7 (130)
b 
 
385.88±4.1
a    
(47) 
 
73.4
c 
No glutamine 414.63±15.7 (167)
b 
 
374.10±33.7
a
 (31) 
 
84.3
c 
Zein, HCl 
washed  
Full medium 406.74±2.3     (76)
b 
 
321.31±30.6
a
 (56) 
 
57.6
ab 
No glutamine 495.75±38.7   (34)
c 
 
290.76±2.7
a
   (33)
 
 
50.7
a 
One-Way ANOVA test was done with respect to each column parameters. Superscripts 
indicate significant differences among groups (ANOVA, P<0.05). 
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4.3.3 Effect of zein coating on cell attachment at 72 h 
At 72 h of incubation, most cells became elongated. Cell crowding can be seen in 
Figure 4.1. Cell multi-layers were observed involving elongated and round cells surrounded 
by dark circles. Thus, cell plates incubated for 72 hours, may contain artifacts.  
At 72 h of incubation, no significant differences were detected for any group on the 
fraction of elongated cells, area of elongated cells or area of circular cells. It was believed that 
cells grew too numerous for accurate counting. Some cells detached from the surface and 
floated in the medium.    
 
Table 4.3 Analysis of Image Pro cell morphology data collected at 72 h of incubation. 
Substrate Area of elongated 
cells (# cells) 
Area of circular  
cells (# cells) 
Fraction of 
elongated 
cells (%) 
OPT glass  Full medium 463.00 ±24.2
a
  (66) 421.89±15.5
a
 (44) 60.0
a
 
No glutamine 517.16±45.0
a
 (110) 389.27±26.7
a
 (38) 74.3
b
 
Zein w/ 
acetic acid 
Full medium 572.30±32.4
a
 (141) 378.22±  7.5
a
 (42) 77.0
b
 
No glutamine 476.04±11.5
a
 (166) 336.57±54.8
a
 (43) 79.4
b
 
Zein, HCl 
washed  
Full medium 489.00±21.7
a  
(128) 330.59±34.8
a
 (32) 80.0
b
 
No glutamine 556.82±41.0
a
 (135) 315.83±42.5
a
 (21) 86.5
b
 
One-Way ANOVA test was done with respect to each column parameters. Superscripts 
indicate significant differences among groups (ANOVA, P<0.05). 
4.4 Conclusions 
Zein with acetic acid had a higher fraction of elongated cells than OPT glass in both 
full and no glutamine medium at 24 and 48h of incubation. This suggested that zein is a better 
substrate than OPT glass for HeLa cells to attach and proliferate. Even when there was plenty 
of glutamine in the medium, HeLa cells still preferred zein as a substrate. The fraction of 
elongated cells on HCl washed zein was at the same level as OPT glass, indicating that the 
ability of zein to support attachment was reduced by HCl wash, which suggests that HCl wash 
may have delaminated glutamine residues reducing the ability of zein to support cell 
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attachment. An alternative explanation is that HCl wash may have lowered the surface pH to 
levels that negatively affected cell attachment. 
 
Figure 4.2  Image Pro analysis of cell attachment 
 
 
a) OPT glass full medium at 24 h 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
b) Zein with acetic acid full medium at 48 h 
 
 
 
 
 
 
 
 
 
 
 
 
 
c) Zein with acetic acid full medium at 72 h 
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Table 4.4 Image Pro morphology data for cells in OPT glass full medium at 72 h 
 
Feature Name Area(pix^2) 
Class 
Name 
Aspect 
Ratio Roundness 
Class Name: Class 1 32     
P1R19 178 Class 1 1.05 1.2 
P1R2 187 Class 1 1.07 1.18 
P1R9 165 Class 1 1.07 1.17 
P1R10 163 Class 1 1.07 1.14 
P1R20 182 Class 1 1.07 1.22 
P1R11 188 Class 1 1.1 1.2 
P1R6 199 Class 1 1.1 1.16 
P1R7 206 Class 1 1.1 1.18 
P1R29 182 Class 1 1.1 1.18 
P2 182 Class 1 1.1 1.18 
P1R23 252 Class 1 1.1 1.14 
P1R3 186 Class 1 1.15 1.15 
P1R13 266 Class 1 1.17 1.13 
P1R8 344 Class 1 1.18 1.41 
P1R18 139 Class 1 1.18 1.07 
P1R15 143 Class 1 1.2 2.17 
P1R4 135 Class 1 1.2 1.11 
P1R32 237 Class 1 1.2 1.54 
P1R12 189 Class 1 1.21 1.13 
P1R27 167 Class 1 1.21 1.9 
P1R22 160 Class 1 1.23 1.21 
P1R16 200 Class 1 1.26 1.15 
P1R21 145 Class 1 1.27 1.18 
P1R14 147 Class 1 1.28 1.21 
P1R24 142 Class 1 1.29 1.31 
P1R25 231 Class 1 1.29 1.35 
P1R5 189 Class 1 1.33 1.34 
P1R17 215 Class 1 1.37 1.28 
P1R1 172 Class 1 1.43 2.86 
P6 198 Class 1 1.46 1.13 
Mean value 177.84 0 1.18 1.24 
Standard Deviation 61.89 0 0.12 0.48 
Maximum 344 0 1.46 2.86 
Range 343 0 0.46 2.86 
Sum 5691 0 37.8 39.59 
Number of Elements 32 32 32 32 
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APPENDIX A 
Water Contact angle Data from CAM200 
 
Table A.1. Water contact angle for OPT Glass 
 
Time        CA           CA         CA           Tilt            L            H          Vol          A  
  [s]            [L]         [R]         [M]         Angle      [mm]      [mm]       [µl]       [mm²] 
0.00            
0.95            
1.95           175.3     16.20    95.78         0.00         6.00        0.30       2.35      15.62 
2.95           11.09     10.24    10.67         0.00         7.13        0.29       6.02      40.17 
3.95           12.98     13.90    13.44         0.00         6.75        0.28       5.40      35.71 
4.95           12.44     13.43    12.93         0.00         6.84        0.27       5.38      36.62 
5.95           13.61     14.04    13.83         0.00         6.75        0.26       5.38      36.06 
6.95           14.07     14.60    14.33         0.00         6.77        0.25       5.08      35.27 
7.95           14.06     13.93    13.99         0.00         6.79        0.25       5.23      36.00 
8.95           12.59     13.36    12.97         0.00         6.84        0.25       5.13      36.51 
 
  
 
Table A.2. Water contact angle for untreated glass coated with zein 
 
Time        CA [L]    CA         CA           Tilt            L            H          Vol          A  
  [s]            [L]         [R]         [M]         Angle      [mm]      [mm]       [µl]       [mm²] 
0.00            
0.98           77.80     78.50    78.15         1.00         4.29        1.58   14.062      22.82 
1.98           77.53     78.83    78.18         1.00         4.29        1.58   14.091      22.85 
2.98           77.53     78.60    78.07         1.00         4.29        1.58   14.063      22.82 
3.98           77.61     78.59    78.10         1.00         4.29        1.58   14.051      22.82 
4.98           77.39     78.75    78.07         1.00         4.29        1.58   14.074      22.84 
5.98           77.51     78.53    78.02         1.00         4.29        1.58   14.056      22.82 
6.98           77.29     78.71    78.00         1.00         4.29        1.58   14.072      22.84 
7.98           77.37     78.65    78.01         1.00         4.29        1.57   14.054      22.82 
8.98           77.31     78.59    77.95         1.00         4.29        1.57   14.046      22.81 
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Appendix A (continued) 
 
Table A.3. Water contact angle for OPT glass+ Zein 
Time        CA         CA         CA           Tilt            L            H          Vol          A  
  [s]            [L]       [R]         [M]         Angle      [mm]      [mm]       [µl]       [mm²] 
0.00            
0.95           
1.95         75.90     76.89    76.39        -0.19         2.97        1.12       4.70      10.98 
2.95         75.88     76.84    76.36        -0.19         2.97        1.12       4.70      10.97 
3.95         75.86     76.81    76.33        -0.23         2.97        1.12       4.69      10.97 
4.95         76.00     76.79    76.39        -0.20         2.97        1.11       4.68      10.95 
5.95         75.81     76.81    76.31        -0.17         2.97        1.11       4.68      10.95 
6.95         75.77     76.70    76.24        -0.22         2.97        1.11       4.68      10.95 
7.95         75.71     76.75    76.23        -0.16         2.97        1.11       4.68      10.95 
8.95         75.70     76.69    76.19        -0.21         2.97        1.11       4.67      10.94 
 
Table A.4. Water contact angle OPT glass zein/acetic acid 
 
Time        CA         CA         CA           Tilt            L            H          Vol          A  
  [s]            [L]       [R]         [M]         Angle      [mm]      [mm]       [µl]       [mm²] 
0.00           
0.99         71.44     71.80    71.62         0.90         4.38        1.46   12.992      22.06 
1.98         71.20     71.76    71.48         0.90         4.37        1.46   13.002      22.07 
2.98         71.23     71.72    71.48         0.90         4.38        1.46   12.993      22.06 
3.98         71.09     71.79    71.44         0.90         4.38        1.46   12.996      22.07 
4.98         71.14     71.76    71.45         0.90         4.38        1.46   12.994      22.07 
5.98         71.10     71.67    71.38         0.90         4.38        1.45   12.979      22.06 
6.98         71.07     71.69    71.38         0.90         4.38        1.45   12.982      22.06 
7.98         71.09     71.65    71.37         0.90         4.38        1.45   12.974      22.06 
8.98         71.13     71.58    71.36         0.90         4.38        1.45   12.961      22.04 
 
Table A.5. Water contact angle for OPT glass zein washed with HCl 
 
Time        CA         CA         CA           Tilt            L            H          Vol          A  
  [s]            [L]       [R]         [M]         Angle      [mm]      [mm]       [µl]       [mm²] 
0.00           
0.99         73.85     72.26    73.06         0.80         4.48        1.54   14.494      23.59 
1.99         73.67     72.07    72.87         0.80         4.48        1.53   14.427      23.54 
2.99         73.62     71.92    72.77         0.80         4.48        1.53   14.414      23.53 
3.99         73.52     72.06    72.79         0.80         4.48        1.53   14.392      23.51 
4.98         73.58     71.86    72.72         0.80         4.48        1.53   14.395      23.51 
5.99         73.61     71.82    72.72         0.80         4.48        1.53   14.395      23.51 
6.99         73.49     71.89    72.69         0.80         4.48        1.53   14.385      23.51 
7.98         73.56     71.86    72.71         0.80         4.48        1.53   14.390      23.51 
8.99         73.57     71.73    72.65         0.80         4.48        1.53   14.387      23.51 
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APPENDIX B 
Figure B.1. Image-Pro Premier 3.0 software selected cells at 24 h incubation: a) OPT glass 
full medium, b) OPT glass no glutamine, c) Zein/acetic acid full medium, d) Zein/acetic 
acid no glutamine, e) Zein HCl washed full medium, f) Zein HCl washed no glutamine. 
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APPENDIX B (continued)  
Table B.1. Image Pro Premier 3.0 morphology analysis at 24h incubation for 
OPT glass, full medium, Rep 1 
Feature Name Area(pix^2) Aspect Ratio Roundness 
Class Name: Class 1     
P1R33 1 1 0 
P5 1 1 0 
P1R19 178 1.05 1.2 
P1R2 187 1.07 1.18 
P1R9 165 1.07 1.17 
P1R10 163 1.07 1.14 
P1R20 182 1.07 1.22 
P1R11 188 1.1 1.2 
P1R6 199 1.1 1.16 
P1R7 206 1.1 1.18 
P1R29 182 1.1 1.18 
P2 182 1.1 1.18 
P1R23 252 1.1 1.14 
P1R3 186 1.15 1.15 
P1R13 266 1.17 1.13 
P1R8 344 1.18 1.41 
P1R18 139 1.18 1.07 
P1R15 143 1.2 2.17 
P1R4 135 1.2 1.11 
P1R32 237 1.2 1.54 
P1R12 189 1.21 1.13 
P1R27 167 1.21 1.9 
P1R22 160 1.23 1.21 
P1R16 200 1.26 1.15 
P1R21 145 1.27 1.18 
P1R14 147 1.28 1.21 
P1R24 142 1.29 1.31 
P1R25 231 1.29 1.35 
P1R5 189 1.33 1.34 
P1R17 215 1.37 1.28 
P1R1 172 1.43 2.86 
P6 198 1.46 1.13 
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APPENDIX B (continued)  
Table B.2. Image Pro Premier 3.0 morphology analysis at 24h incubation for 
OPT glass, no glutamine, Rep 2 
Feature Name Area(pix^2) Aspect Ratio Roundness 
P1R28 1 1 0 
P3 1 1 0 
P1R17 169 1.06 1.17 
P1R8 248 1.06 1.15 
P1R5 282 1.07 1.13 
P1R15 124 1.08 1.1 
P1R1 224 1.09 1.16 
P1R6 258 1.12 1.11 
P1R19 309 1.13 1.41 
P1R13 204 1.13 1.26 
P1R2 337 1.14 1.17 
P1R26 164 1.17 1.24 
P1R16 125 1.18 1.22 
P1R14 94 1.22 1.14 
P1R10 243 1.23 1.18 
P1R27 169 1.24 1.48 
P2 169 1.24 1.48 
P1R20 165 1.26 1.31 
P1R7 276 1.26 1.2 
P1R12 261 1.26 1.43 
P1R3 185 1.27 1.27 
P1R9 262 1.36 1.22 
P1R18 228 1.43 1.39 
P1R22 14 1.44 3.25 
P4 201 1.44 1.11 
P1R21 163 1.51 1.37 
P1R4 279 1.59 1.45 
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APPENDIX B (continued)  
Table B.3. Image Pro Premier 3.0 morphology analysis at 24h incubation Zein/acetic acid full 
medium 24h- Rep1  
Feature Name Area(pix^2) Aspect Ratio Roundness 
C13 116 1.02 1 
P1R15 176 1.02 1.15 
P1R11 217 1.07 1.11 
P1R16 191 1.08 1.21 
P1R24 201 1.1 1.74 
P1R29 148 1.11 1.63 
P11 148 1.11 1.63 
P1R2 167 1.13 1.19 
P1R7 340 1.15 1.29 
P1R21 240 1.2 1.32 
P1R25 167 1.2 1.23 
P14 169 1.2 1.16 
P1R8 244 1.21 1.21 
P1R18 184 1.22 1.65 
P1R14 279 1.3 1.54 
P15 238 1.3 1.17 
P2 247 1.31 2.4 
P1R10 218 1.33 1.55 
P1R12 158 1.33 1.8 
P1R1 217 1.33 1.38 
P1R5 196 1.34 1.93 
P1R23 233 1.34 1.52 
P1R22 243 1.37 1.29 
P1R31 210 1.4 1.21 
P13 210 1.4 1.21 
P1R4 238 1.46 1.88 
P1R13 290 1.48 1.51 
P1R3 284 1.5 1.29 
P1R20 217 1.52 1.27 
P1R17 240 1.66 1.57 
P1R25 241 1.67 1.45 
P7 241 1.67 1.45 
P1R26 213 1.73 1.49 
P8 213 1.73 1.49 
P1R6 313 1.79 1.33 
P1R33 359 1.84 1.58 
P15 359 1.84 1.58 
P1R32 29 2.34 3.62 
P14 29 2.34 3.62 
P1R9 470 2.42 2.23 
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APPENDIX B (continued)  
Table B.4. Image Pro Premier 3.0 morphology analysis at 24h incubation for Zein/acetic acid 
no glutamine  Rep1 
Feature Name Area(pix^2) Aspect Ratio Roundness 
P1R3 166 1.06 2.19 
P8 121 1.09 1.3 
P1R8 110 1.09 1.13 
P1R4 147 1.1 1.2 
P6 165 1.1 1.07 
P1R1 159 1.11 1.13 
P7 219 1.19 1.18 
P1R6 147 1.21 1.97 
P1R18 167 1.22 1.23 
P1R2 254 1.31 1.18 
P1R7 156 1.32 1.28 
P5 160 1.35 1.09 
P4 233 1.44 1.22 
P3 216 1.44 1.75 
P1R5 201 1.48 1.32 
P1R13 255 1.64 1.66 
P2 352 2.19 1.51 
 
 
Table B.5. Image Pro Premier 3.0 morphology analysis at 24h incubation for Zein HCl wahsed 
full medium Rep1  
Feature Name Area(pix^2) Aspect Ratio Roundness 
P1R2 377 1.13423 1.156086 
P1R6 186 1.028434 1.073097 
P1R8 228 1.573183 1.459402 
P1R9 184 1.102502 1.057368 
P1R10 138 1.371883 1.760108 
P1R12 291 1.575144 1.622275 
P1R16 190 1.29478 1.02822 
P1R17 202 1.187871 1.98023 
P1R18 343 1.664128 1.354207 
P1R19 143 1.087386 1 
P1R20 183 1.041441 1.195822 
P1R22 175 1.545695 1.378374 
P1R23 137 1.274001 1.106014 
P1R24 11 1.386155 1.257971 
P1R25 230 1.615708 1.193132 
P1R29 13 1.365249 1.617278 
E2 162 1.157021 1.007318 
P3 231 1.18761 1.11994 
P4 176 1.362327 1.10651 
P5 413 2.9838 1.782435 
P6 274 1.411341 1.238925 
P7 162 1.075529 1.123212 
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APPENDIX B (continued)  
Table B.6. Image Pro Premier 3.0 morphology analysis at 24h incubation for Zein HCl wahsed 
no glutamine Rep2 
Feature Name Area(pix^2) Aspect Ratio Roundness 
E7 178 1.02 1 
E6 175 1.02 1 
P21 211 1.02 1.13 
P1R7 211 1.04 1.29 
E8 148 1.05 1 
P1R3 262 1.08 2.01 
P1R2 283 1.09 1.38 
P18 278 1.1 1.13 
E9 162 1.1 1 
E2 189 1.11 1 
P20 137 1.11 1.13 
P1R6 259 1.14 1.89 
E3 181 1.18 1.01 
P4 101 1.2 1.1 
P5 157 1.27 1.14 
P19 233 1.34 1.11 
P10 340 1.42 1.19 
P1R16 318 1.67 1.6 
P1R10 225 1.67 1.48 
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APPENDIX B (continued) 
Figure B.2. Image-Pro Premier 3.0 software selected cells at 48 h incubation :a)OPT glass 
full medium, b) OPT glass no glutamine c) Zein/acetic acid full medium d)Zein/acetic acid 
no glutamine e)Zein HCl washed full medium f)Zein HCl washed no glutamine 
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APPENDIX B (continued) -Measurement tables from Image Pro Premier 3.0 at 48h 
incubation 
Table B.7. Image Pro Premier 3.0 morphology analysis at 48h incubation for OPT glass full 
medium Rep2 
 
 
 
 
 
 
 
 
 
 
Feature Name Area(pix^2) Aspect Ratio Roundness 
P4 1 1 0 
P17 149 1.04 1.11 
P1R13 311 1.05 1.48 
P1R16 213 1.07 1.23 
P1R12 249 1.08 1.13 
P12 167 1.12 1.14 
P7 192 1.13 1.11 
P11 190 1.16 1.14 
P3 134 1.18 1.09 
P1R19 238 1.18 1.16 
P1R5 282 1.21 1.17 
P16 871 1.22 1.31 
P1R11 291 1.22 1.33 
P1R1 223 1.24 1.19 
P2 299 1.25 1.16 
P1R15 822 1.26 1.26 
P8 228 1.26 1.09 
P1R20 268 1.3 1.33 
P1R6 238 1.31 1.21 
P13 177 1.37 1.13 
P1R10 229 1.37 1.23 
P1R23 310 1.47 1.38 
P1R22 217 1.59 1.51 
P1R14 402 1.63 1.41 
P5 207 1.67 1.32 
P1R17 279 1.8 1.44 
P6 290 1.84 1.2 
P1R7 358 1.85 2.37 
P1R2 318 1.97 1.73 
P1R9 691 2.05 3.07 
P1R4 462 2.11 1.83 
P1R26 341 2.21 1.77 
P9 2 2.26 0 
P1R8 407 2.48 1.73 
P1R3 480 2.54 1.9 
P10 567 3.17 1.85 
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APPENDIX B (continued)  
Table B.8. Image Pro Premier 3.0 morphology analysis at 48h incubation for OPT glass no 
glutamine Rep2 
 
 
 
 
 
 
 
 
 
 
Feature Name Area(pix^2) Aspect Ratio Roundness 
P27 322 1.06 1.04 
P15 355 1.09 1.33 
P9 191 1.1 1.1 
P29 314 1.1 1.07 
P20 271 1.11 1.09 
P28 311 1.11 1.14 
P8 187 1.12 1.05 
P33 186 1.15 1.28 
P2 660 1.17 1.15 
P6 261 1.18 1.06 
P36 258 1.27 1.25 
P11 593 1.27 1.11 
P18 210 1.29 1.17 
P22 259 1.35 1.08 
P5 218 1.36 1.14 
P10 239 1.37 1.11 
P4 436 1.4 1.13 
P7 248 1.4 1.23 
P21 269 1.46 1.13 
P14 500 1.5 1.37 
P25 323 1.55 1.26 
P19 552 1.56 1.24 
P16 311 1.56 1.13 
P34 220 1.57 1.42 
P31 330 1.65 1.35 
P3 501 1.69 1.27 
P12 322 1.71 1.33 
P32 335 1.8 1.35 
P26 212 1.89 1.38 
P13 403 1.93 1.38 
P38 306 2.04 1.34 
P35 280 2.22 1.49 
P37 328 2.23 1.61 
P17 418 2.32 1.62 
P30 345 2.37 1.75 
P24 546 2.86 1.55 
P23 360 3.12 1.62 
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Table B.9. Image Pro Premier 3.0 morphology analysis at 48h incubation for Zein/acetic 
acid full medium Rep1 
Feature Name Area(pix^2) Aspect Ratio Roundness 
P1R1 572 1.816107 1.50966 
P1R2 412 1.38361 1.81388 
P1R3 545 2.115954 2.182918 
P1R4 636 1.391134 1.431563 
P1R9 267 1.463025 1.381728 
P1R13 410 2.941076 2.360561 
P1R15 583 2.345461 2.236254 
P1R16 358 1.815591 1.423313 
P1R17 477 1.69022 1.531354 
P1R27 220 1.114435 1.233211 
P1R29 270 1.365417 1.302449 
P1R37 275 1.920866 1.468959 
P1R41 527 2.892413 1.938124 
P1R42 638 2.14916 2.162752 
P1R43 489 1.701727 1.906766 
P1R44 508 1.134304 1.649917 
P1R52 513 1.777922 2.089755 
P2 430 2.132177 1.511624 
P3 439 1.369931 1.249895 
P4 479 6.071692 3.554437 
P5 451 3.098506 1.721135 
P6 315 1.355604 1.144018 
P7 596 1.616482 1.350894 
P8 387 2.278875 1.417899 
P9 379 2.426689 1.404664 
P10 116 1.259524 1.086619 
P11 290 1.332792 1.135653 
P12 1648 1.170823 1.065702 
P14 864 1.359112 1.244408 
P15 653 2.070211 1.326559 
P16 327 1.141536 1.104953 
P17 334 1.893285 1.4203 
P19 377 1.22604 1.087482 
P20 412 2.009087 1.32654 
P21 303 2.069152 1.914273 
P22 255 1.744811 1.183878 
P23 376 1.711848 1.222509 
P25 341 2.063825 1.377042 
P26 251 1.113905 1.052236 
P27 210 1.136242 1.044701 
P28 240 1.136566 1.02607 
P29 271 1.42917 1.11802 
P30 281 1.358267 1.16468 
P31 224 1.101703 1.086914 
P32 184 1.272153 1.088727 
P33 232 1.607985 1.211784 
P34 516 2.031808 1.30164 
P35 349 1.499152 1.18985 
P36 222 1.445076 1.181841 
P37 207 1.94738 1.262654 
P38 472 1.307648 1.197285 
P39 346 1.600832 1.337068 
P40 233 1.538342 1.178133 
P41 409 1.994521 1.336968 
P43 263 1.181678 1.06068 
P44 366 2.344075 1.571916 
P45 277 1.525508 1.190741 
P46 367 1.920144 1.40731 
P47 618 2.681035 2.20741 
P48 434 1.990171 1.485856 
P49 454 1.290699 1.197609 
P51 632 1.5211 1.403963 
P52 486 2.235329 1.489484 
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Table B.9. (continued) 
P53 406 1.527556 1.484236 
P54 206 1.334788 1.078184 
P55 566 1.908445 1.334325 
 
Table B.10. Image Pro Premier 3.0 morphology analysis at 48h incubation for Zein/acetic 
acid no glutamine Rep2 
Feature Name Area(pix^2) Aspect Ratio Roundness 
P1R2 481 3.409625 3.787222 
P1R3 706 1.85708 2.54592 
P1R4 290 1.390899 1.936274 
P1R6 246 2.011912 1.539318 
P1R7 283 2.052854 1.671017 
P1R8 343 2.461306 1.956622 
P1R10 383 1.531257 1.366369 
P1R15 438 1.688701 1.625592 
P1R18 301 1.738017 1.322605 
P1R19 256 1.929843 1.924305 
P1R20 358 1.440582 1.423313 
P1R21 469 2.3956 2.155401 
P1R22 485 2.33168 2.391917 
P1R24 279 1.95755 1.607057 
P1R25 279 1.969251 1.538895 
P1R27 389 1.772096 2.567957 
P1R39 339 2.618721 2.12113 
P2 354 2.069428 1.545464 
P3 438 1.076258 1.246841 
P4 230 1.099455 1.04446 
P5 240 1.259601 1.147918 
P6 195 1.304774 1.161749 
P7 285 1.632668 1.229778 
P8 390 2.157451 1.60871 
P9 362 5.132132 3.315862 
P10 430 4.034978 2.14813 
P11 715 2.896832 1.647573 
P12 454 1.268176 1.362232 
P13 396 2.171013 1.375335 
P14 259 1.962124 1.52495 
P15 744 2.665279 2.141933 
P16 210 1.546246 1.413151 
P17 219 1.319569 1.15466 
P18 438 1.425878 1.814011 
P19 328 1.418228 1.187385 
P20 1003 1.277994 1.481639 
P21 124 1.563724 1.280482 
P22 402 1.576088 1.333001 
P23 175 2.015575 1.45199 
P24 366 1.809582 1.25759 
P25 475 1.655545 1.194626 
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Table B.10. (continued) 
P26 373 1.139412 1.111992 
P27 592 2.353583 1.897113 
P28 408 3.171619 1.819641 
P29 463 1.832198 1.543527 
P30 351 2.488956 1.774919 
P31 515 1.451455 1.344999 
P32 338 1.617637 1.281077 
P33 406 1.64446 1.300393 
P34 281 1.30643 1.14848 
P35 401 1.733099 1.189684 
P36 780 1.117659 1.557376 
P37 878 1.589764 1.534361 
P38 317 1.684428 1.396233 
P39 224 1.072787 1.105732 
P40 399 2.692142 1.745925 
P41 404 3.050289 1.983088 
P42 753 1.851773 1.695836 
P43 537 2.192283 1.921698 
P44 417 2.39462 1.388344 
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Table B.11. Image Pro Premier 3.0 morphology analysis at 48h incubation for Zein HCl 
washed full medium Rep1 
Feature Name Area(pix^2) Aspect Ratio Roundness 
P2 161 1.065383 1.083573 
P3 250 1.479693 1.205108 
P4 377 2.130887 1.530597 
P5 731 2.072446 1.76251 
P6 385 2.440949 1.698262 
P7 751 1.164053 1.058063 
P7 1013 1.126179 1.231663 
P8 749 1.768466 1.585115 
P9 616 2.057807 1.56749 
P10 182 1.201427 1.063387 
P11 199 1.151062 1.046003 
P12 146 1.214112 1.085763 
P13 222 1.074729 1.077243 
P14 263 1.517938 1.298673 
P15 237 1.438694 1.125951 
P16 232 1.080413 1.331614 
P17 275 2.54442 1.827286 
P18 307 1.798339 1.261913 
P19 347 1.672304 1.51913 
P20 277 1.597169 1.293346 
P21 316 1.079261 1.121791 
P22 240 1.324431 1.172212 
P23 289 1.097675 1.122191 
P24 518 2.934512 1.850856 
P25 205 1.172699 1.082874 
P26 814 4.069229 2.907121 
P27 171 1.344903 1.146983 
P28 233 1.055862 1.054932 
P29 483 1.673122 1.430896 
P30 390 2.429131 1.613573 
P31 363 2.150026 1.567422 
P32 484 2.439073 1.562712 
P33 629 1.698928 1.447176 
P34 514 2.617254 1.719532 
P35 586 1.591443 1.370205 
P36 321 1.734402 1.206222 
P37 410 2.018199 1.698949 
P38 412 1.17354 1.281469 
P39 217 1.035603 1.094988 
P40 153 1.150729 1.071513 
P41 177 1.231647 1.226268 
P42 232 2.249321 1.894751 
P43 117 1.746445 1.478878 
P44 811 1.170684 1.341603 
P45 439 1.676673 1.382693 
P46 370 1.494355 1.380496 
P47 455 1.802882 1.428788 
P48 343 1.100649 1.075386 
P49 314 1.811633 1.243787 
P50 380 1.428421 1.19467 
P51 515 1.786885 1.222254 
P52 399 2.586726 1.67037 
P53 615 3.56953 1.865355 
P54 316 1.993788 1.28518 
P55 231 1.335879 1.090357 
P56 152 1.364445 1.100629 
P57 463 3.124874 2.105351 
P58 542 1.654221 1.253786 
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Table B.11. (continued) 
P59 224 1.018128 1.164309 
P60 191 1.429097 1.142839 
P61 328 1.787292 1.203509 
P62 621 1.614752 1.257895 
P63 586 1.301209 1.110228 
 
Table B.12. Image Pro Premier 3.0 morphology analysis at 48h incubation for Zein HCl 
washed no glutamine Rep1 
 
 
 
 
 
 
 
 
 
 
Feature Name Area(pix^2) Aspect Ratio Roundness 
P15 342 1.03 1.12 
P8 332 1.05 1.1 
P4 233 1.08 1.11 
P3 259 1.09 1.06 
P11 467 1.1 1.23 
P6 239 1.14 1.11 
P5 244 1.18 1.08 
P9 218 1.18 1.08 
P13 281 1.24 1.06 
P2 156 1.25 1.09 
P12 384 1.3 1.14 
P14 388 1.44 1.15 
P18 404 1.81 1.2 
P7 665 2.36 1.44 
P17 408 2.41 1.38 
P10 596 4.41 2.66 
P16 678 4.57 2.59 
P1 1125 6.22 3.27 
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APPENDIX B (continued) Fig B.3. Image-Pro Premier 3.0 software selected cells at 48 h 
incubation :a)OPT glass full medium, b) OPT glass no glutamine c) Zein/acetic acid full 
medium d)Zein/acetic acid no glutamine e)Zein HCl washed full medium f)Zein HCl 
washed no glutamine 
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Measurement tables from Image Pro Premier 3.0 at 72h incubation 
Table B.13. Image Pro Premier 3.0 morphology analysis at 72h incubation for OPT glass 
full medium Rep1 
Feature Name Area(pix^2) Aspect Ratio Roundness 
P3 413 1.02 1.22 
P42 386 1.06 1.04 
P24 548 1.1 1.1 
P35 278 1.11 1.1 
P30 343 1.12 1.08 
P11 316 1.13 1.09 
P7 324 1.13 1.05 
P20 372 1.16 1.1 
P25 295 1.16 1.1 
P32 364 1.17 1.06 
P1R2 995 1.18 2.17 
P33 301 1.19 1.08 
P27 421 1.23 1.11 
P8 361 1.23 1.06 
P18 371 1.24 1.09 
P34 404 1.26 1.07 
P28 243 1.26 1.1 
P43 343 1.27 1.07 
P37 963 1.27 1.23 
P38 923 1.27 1.29 
P26 423 1.28 1.14 
P9 237 1.29 1.13 
P1R19 317 1.3 1.43 
P23 232 1.3 1.13 
P31 465 1.32 1.11 
P1R17 428 1.34 1.58 
P5 314 1.35 1.24 
P29 350 1.4 1.15 
P4 441 1.46 1.55 
P40 440 1.47 1.17 
P50 257 1.53 1.16 
P45 508 1.55 1.29 
P6 361 1.65 1.27 
P57 640 1.67 1.24 
P1R10 684 1.69 2.76 
P36 446 1.72 1.16 
P2 447 1.73 1.32 
P1R8 329 1.79 1.51 
P26 582 1.82 1.44 
P17 327 1.86 1.32 
P41 542 1.88 1.33 
P19 398 1.89 1.26 
P16 399 1.91 1.33 
P48 446 1.93 1.23 
P47 341 1.95 1.38 
P59 725 1.98 1.76 
P1R11 398 2.03 1.66 
P21 995 2.07 1.3 
P44 337 2.09 1.43 
P49 454 2.11 2.88 
P39 652 2.13 1.58 
P1R35 362 2.2 1.69 
P57 376 2.2 1.37 
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Table B.13. (continued) 
P52 415 2.33 1.56 
P46 500 2.33 1.44 
P51 450 2.44 1.48 
P14 609 2.63 1.74 
P15 941 2.69 1.56 
P12 603 2.82 1.75 
P53 935 2.84 1.58 
P1R7 759 2.85 3.44 
P10 424 2.88 1.83 
P13 625 3.05 1.69 
P56 464 3.05 1.71 
P1R3 370 3.15 4.03 
P55 351 3.67 2.57 
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Table B.14. Image Pro Premier 3.0 morphology analysis at 72h incubation for OPT glass no 
glutamine Rep1 
Feature Name Area(pix^2) Aspect Ratio Roundness 
P1R23 310 1.05 1.15 
P66 130 1.06 1.28 
P58 563 1.08 1.12 
P55 627 1.15 1.36 
P65 177 1.16 1.11 
P47 280 1.17 1.08 
P39 169 1.18 1.14 
P19 568 1.18 1.27 
P37 204 1.19 1.1 
P10 353 1.19 1.1 
P51 926 1.26 1.39 
P4 422 1.26 1.07 
P44 879 1.27 1.5 
P40 216 1.27 1.13 
P7 461 1.32 1.08 
P5 545 1.33 1.25 
P17 570 1.33 1.24 
P62 345 1.37 1.26 
P52 444 1.38 1.1 
P34 630 1.39 1.57 
P59 308 1.44 1.2 
P24 317 1.44 1.57 
P16 421 1.48 1.54 
P13 520 1.51 1.35 
P46 567 1.53 1.6 
P15 505 1.55 1.24 
P61 564 1.55 1.18 
P33 638 1.56 1.73 
P49 633 1.58 1.43 
P1R15 1521 1.6 3.33 
P63 318 1.65 1.32 
P6 625 1.67 1.31 
P27 581 1.73 1.38 
P3 561 1.73 1.34 
P9 398 1.81 1.28 
P35 674 1.82 1.26 
P1R16 566 1.82 1.73 
P21 337 1.84 1.35 
P23 600 1.89 1.39 
P32 339 1.9 1.45 
P48 475 1.91 1.41 
P25 909 1.91 1.45 
P2 663 2.02 1.42 
P64 266 2.02 1.38 
P36 392 2.05 2.08 
P67 410 2.06 1.31 
P31 470 2.06 1.39 
P1R3 1428 2.09 3.9 
P29 632 2.24 2.03 
P11 767 2.3 1.7 
P8 492 2.33 1.79 
P38 370 2.4 1.45 
P18 514 2.4 1.52 
P1R35 22 2.41 4.51 
P26 788 2.42 2.85 
P28 640 2.49 1.65 
P50 749 2.56 1.6 
P12 433 2.61 1.76 
P41 550 2.71 1.62 
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Table B.14. (continued) 
 
P42 800 2.76 1.79 
P45 646 2.97 1.8 
P20 752 3.08 1.82 
P22 576 3.21 1.88 
P53 276 3.22 2.03 
P57 497 3.23 1.88 
P54 827 3.42 1.98 
P56 646 3.49 2.05 
P14 454 3.73 2.12 
P60 491 4.37 2.24 
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Table B.15. Image Pro Premier 3.0 morphology analysis at 72h incubation for Zein/acetic 
acid full medium Rep1 
Feature Name Area(pix^2) Aspect Ratio Roundness 
P2 556 1.85184 1.720316 
P3 629 1.817008 1.487167 
P4 1121 2.168426 1.533287 
P5 849 1.882421 1.269758 
P6 732 2.014587 1.478621 
P7 870 1.870897 1.858097 
P9 638 2.088655 1.697306 
P10 651 1.476882 1.514444 
P11 464 1.744349 1.387233 
P12 678 1.775315 1.56378 
P13 393 1.362676 1.609491 
P14 322 1.163726 1.160599 
P15 508 2.321615 1.918744 
P16 301 1.07661 1.046389 
P17 485 1.651961 1.772679 
P18 395 2.35357 1.684274 
P19 404 1.928017 1.394554 
P20 910 2.42423 2.399042 
P21 507 1.756693 1.367356 
P22 379 1.709537 1.677482 
P23 697 2.268531 1.485428 
P24 461 1.93974 1.467289 
P25 662 2.237131 1.744579 
P26 350 1.252422 1.114047 
P27 487 2.609348 1.798181 
P28 575 2.435985 1.652007 
P29 466 1.529368 1.253766 
P30 512 1.55384 1.497312 
P31 413 2.447828 1.965514 
P32 726 2.206105 1.605187 
P33 526 2.044911 1.663594 
P34 738 1.536666 1.231917 
P35 393 1.673092 1.474487 
P36 606 2.270305 1.814717 
P37 448 2.009021 1.322889 
P38 1531 3.452803 2.204079 
P39 198 1.200066 1.342465 
P40 183 1.046674 1.079547 
P41 222 1.379226 1.08947 
P42 293 1.324358 1.09537 
P41 968 2.350813 1.635398 
P42 686 1.835861 1.411921 
P43 715 1.76206 1.67037 
P44 523 1.756482 1.507592 
P45 656 1.5966 1.216831 
P46 730 2.3429 1.619069 
P47 396 2.267397 1.514794 
P48 387 2.434184 1.504441 
P49 331 1.565888 1.234075 
P50 860 1.094222 1.143753 
P51 700 1.832729 1.439145 
P52 572 1.149359 1.106011 
P53 732 1.665552 1.582663 
P54 633 2.08363 1.566991 
P56 729 1.219762 1.193008 
P57 417 1.342982 1.165059 
P58 797 1.532544 1.312784 
P59 283 1.141524 1.092737 
P60 322 2.306734 1.795164 
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P61 667 1.867432 1.74671 
P62 357 1.094342 1.09027 
P63 159 1.116832 1.095451 
P64 274 1.098447 1.120333 
P65 456 1.876357 1.572042 
P66 541 2.090111 1.456491 
P67 321 2.215617 1.637457 
P68 277 1.364955 1.722281 
P69 571 1.604553 1.356197 
P70 514 2.236251 1.887349 
P71 1062 1.339058 1.254397 
P72 782 1.417948 1.431631 
P73 715 1.523938 1.420677 
P74 3632 1.879372 1.454522 
P75 3194 1.455582 1.487136 
P76 1228 2.921833 2.017709 
P77 330 1.294338 1.373792 
P78 680 4.006988 2.018709 
P79 340 2.617563 1.805322 
P80 460 1.379297 1.483868 
P81 325 1.243986 1.15102 
P82 253 1.019376 1.040133 
P83 255 1.214677 1.339651 
P84 1024 2.372472 1.495631 
P85 631 1.349087 1.136358 
P86 542 2.781448 2.262132 
P87 806 1.169895 1.346261 
P88 459 1.32972 1.592267 
P89 541 1.443135 1.165488 
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Table B.16. Image Pro Premier 3.0 morphology analysis at 72h incubation for Zein/acetic 
acid no glutamine Rep1 
Feature Name Area(pix^2) Aspect Ratio Roundness 
P28 201 1.04 1.07 
P88 255 1.06 1.06 
P77 283 1.07 1.13 
P68 354 1.09 1.09 
P45 131 1.1 1.12 
P18 313 1.15 1.1 
P46 242 1.15 1.06 
P7 236 1.17 1.32 
P39 166 1.18 1.08 
P48 333 1.19 1.14 
P10 186 1.2 1.06 
P59 267 1.2 1.04 
P1R45 393 1.24 1.55 
P65 277 1.24 1.17 
P83 191 1.27 1.18 
P43 272 1.27 1.18 
P85 256 1.28 1.11 
P50 369 1.29 1.48 
P41 271 1.29 1.2 
P62 638 1.29 1.18 
P9 233 1.32 1.15 
P1R1 560 1.36 1.51 
P61 600 1.37 1.24 
P34 272 1.39 1.18 
P58 242 1.4 1.57 
P40 291 1.4 1.22 
P17 381 1.41 1.46 
P6 266 1.41 1.46 
P73 616 1.43 1.33 
P26 416 1.43 1.64 
P20 141 1.46 1.1 
P74 515 1.48 1.26 
P67 416 1.52 1.17 
P89 431 1.52 1.52 
P19 364 1.55 1.12 
P49 294 1.56 1.13 
P8 215 1.6 1.18 
P66 396 1.63 1.36 
P21 609 1.63 1.5 
P1R4 445 1.63 1.7 
P91 599 1.65 1.47 
P2 408 1.67 1.39 
P35 443 1.68 1.28 
P31 419 1.7 1.19 
P64 501 1.71 1.2 
P22 562 1.74 1.54 
P47 446 1.74 1.41 
P15 721 1.74 1.64 
P1R2 433 1.75 2.67 
P78 319 1.76 1.49 
P16 709 1.77 1.26 
P79 407 1.77 1.41 
P87 313 1.78 1.24 
P13 550 1.81 1.26 
P53 450 1.81 1.6 
P71 673 1.84 1.6 
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Table B.16. (continued) 
 
P52 368 1.86 1.52 
P1R5 599 1.87 2.28 
P3 425 1.87 1.28 
P1R25 356 1.88 1.56 
P51 423 1.89 2.23 
P33 392 1.91 1.37 
P42 281 1.93 1.56 
P63 616 1.95 1.73 
P32 457 1.99 1.51 
P1R10 601 2.01 2.6 
P86 456 2.03 2.08 
P56 359 2.06 1.36 
P38 384 2.08 1.89 
P25 1368 2.08 1.52 
P12 1077 2.1 1.48 
P4 552 2.1 1.86 
P37 338 2.11 1.83 
P60 561 2.16 1.55 
P55 246 2.16 1.63 
P69 361 2.18 1.73 
P76 738 2.22 1.36 
P36 392 2.25 1.45 
P29 229 2.25 1.58 
P80 438 2.25 1.45 
P27 142 2.27 1.41 
P1R16 339 2.28 1.78 
P84 221 2.34 1.51 
P44 309 2.4 1.56 
P81 448 2.48 1.58 
P1R3 337 2.48 1.99 
P24 1116 2.55 2.23 
P14 660 2.58 1.64 
P54 430 2.66 1.79 
P1R17 543 2.72 1.87 
P75 578 2.75 1.82 
P5 343 2.85 1.8 
P70 646 2.91 1.59 
P90 582 2.99 1.69 
P57 515 3 1.75 
P72 550 3.35 2.12 
P23 434 3.39 1.75 
P82 363 3.74 3.07 
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Table B.17. Image Pro Premier 3.0 morphology analysis at 72h incubation for zein with 
HCl washed full medium Rep1 
Feature Name Area(pix^2) Aspect Ratio Roundness 
P70 256 1.01 1.07 
P58 260 1.02 1.11 
P75 437 1.08 1.06 
P60 371 1.08 1.06 
P12 277 1.11 1.07 
P61 308 1.15 1.07 
P22 523 1.16 1.54 
P26 337 1.16 1.28 
P47 257 1.18 1.05 
P83 424 1.21 1.46 
P46 367 1.23 1.16 
P53 652 1.27 1.19 
P80 281 1.27 1.16 
P11 275 1.31 1.29 
P25 912 1.32 1.26 
P2 197 1.33 1.25 
P42 258 1.34 1.09 
P3 478 1.37 1.18 
P49 497 1.38 1.48 
P7 474 1.4 1.2 
P19 1074 1.4 1.24 
P24 522 1.42 1.31 
P1 340 1.48 1.65 
P45 337 1.51 1.54 
P35 731 1.53 1.54 
P69 484 1.55 1.21 
P59 360 1.55 1.55 
P86 465 1.56 1.23 
P64 417 1.61 1.28 
P41 572 1.62 1.43 
P10 489 1.66 1.32 
P40 380 1.71 1.16 
P48 451 1.72 1.25 
P39 453 1.73 1.23 
P72 405 1.75 1.21 
P57 691 1.75 1.34 
P34 323 1.75 1.53 
P73 403 1.76 1.28 
P15 403 1.78 1.51 
P56 744 1.8 2.12 
P74 1665 1.8 2.28 
P27 421 1.84 1.48 
P16 413 1.85 1.49 
P29 495 1.89 1.36 
P14 219 1.89 1.44 
P71 297 1.9 1.32 
P13 225 1.91 1.33 
P6 421 1.93 1.64 
P21 443 1.95 1.47 
P18 474 1.99 1.4 
P55 496 2.03 1.35 
P63 424 2.03 1.47 
P31 467 2.05 1.59 
P85 566 2.07 1.36 
P77 464 2.12 1.42 
P32 481 2.22 1.55 
P50 625 2.23 1.44 
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APPENDIX B (continued)  
Table B.17. (continued) 
 
P44 529 2.26 1.65 
P76 826 2.26 1.57 
P51 616 2.27 1.6 
P9 631 2.34 1.46 
P5 290 2.39 2.57 
P28 342 2.4 1.56 
P4 331 2.41 1.95 
P52 406 2.43 1.38 
P33 562 2.47 1.86 
P23 743 2.48 1.71 
P78 410 2.5 1.76 
P81 362 2.51 1.82 
P62 381 2.52 1.87 
P43 581 2.71 1.68 
P8 589 2.75 1.77 
P67 654 2.75 1.57 
P36 480 2.94 2.76 
P30 753 2.96 1.72 
P17 423 3.04 2.09 
P79 704 3.06 1.84 
P38 441 3.1 1.84 
P65 485 3.18 2.11 
P20 449 3.54 2.17 
P66 729 4.25 2.1 
P82 453 5.27 2.75 
P68 827 6.19 3.18 
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APPENDIX B (continued)  
Table B.18. Image Pro Premier 3.0 morphology analysis at 72h incubation for zein with 
HCl washed no glutamine Rep1 
Feature Name Area(pix^2) Aspect Ratio Roundness 
P40 376 1.11 1.5 
P34 180 1.11 1.05 
P33 170 1.12 1.11 
P32 163 1.17 1.1 
P1R7 459 1.17 1.58 
P25 170 1.18 1.11 
P31 160 1.18 1.16 
P1R6 488 1.18 1.63 
P1R17 275 1.22 1.27 
P1R18 292 1.25 1.14 
P1R5 1067 1.3 2.92 
P1R39 377 1.32 1.8 
P27 445 1.34 1.82 
P1R37 246 1.36 1.35 
P1R16 537 1.36 1.58 
P1R22 290 1.39 1.32 
P1R58 211 1.39 1.55 
P49 591 1.42 1.22 
P30 707 1.42 1.25 
P50 515 1.47 1.66 
P57 678 1.51 1.23 
P1R3 251 1.53 1.85 
P43 546 1.54 1.47 
P32 467 1.55 1.24 
P24 424 1.56 1.16 
P1R35 445 1.57 2.03 
P1R38 517 1.59 1.82 
P1R56 331 1.59 1.48 
P1R47 598 1.65 1.9 
P38 425 1.67 1.38 
P1R60 697 1.71 2.23 
P48 592 1.74 1.28 
P1R42 890 1.76 1.48 
P1R36 375 1.78 1.9 
P1R2 442 1.85 3.27 
P26 689 1.86 1.95 
P53 378 1.96 1.3 
P33 785 2.07 1.68 
P1R15 848 2.08 5.34 
P36 626 2.11 1.52 
P41 507 2.12 1.56 
P27 643 2.13 2.97 
P1R48 909 2.15 2.32 
P1R43 399 2.19 1.79 
P1R10 516 2.21 2.05 
P1R12 714 2.27 1.76 
P1R34 2172 2.32 3.22 
P22 711 2.32 1.4 
P1R59 604 2.35 2.2 
P52 471 2.36 1.98 
P1R57 422 2.41 2.24 
P46 380 2.42 1.82 
P47 549 2.43 1.59 
P30 467 2.53 1.63 
P24 708 2.56 2.12 
P1R11 1025 2.56 3.44 
P29 695 2.57 1.62 
P55 587 2.59 1.77 
P1R20 307 2.62 3.19 
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Table B.18. (continued) 
 
P28 514 2.64 1.72 
P28 789 2.65 1.49 
P34 646 2.67 1.63 
P1R33 441 2.69 2.29 
P51 461 2.7 1.8 
P39 444 2.75 1.67 
P54 676 2.76 1.68 
P45 730 2.85 2.32 
P1R26 483 2.87 2.65 
P1R24 487 2.91 2.4 
P31 542 2.99 1.83 
P26 624 3.04 1.8 
P25 670 3.06 2.02 
P1R13 552 3.11 2.12 
P37 455 3.15 1.95 
P56 426 3.21 1.8 
P1R1 566 3.21 2.38 
P1R41 420 3.22 2.66 
P42 1224 3.49 1.78 
P21 731 3.63 2.25 
P44 702 3.7 2.05 
P35 690 3.76 1.95 
P1R19 933 5.42 3.36 
P29 596 5.7 3.36 
P23 686 5.91 3.01 
P1R49 579 5.99 3.86 
 
 
